INTRODUCTION
Stress corrosion cracking (SCC) is a major concern in oil and gas transmission lines. Small external, axially aligned cracks are difficult to detect and size using present boreside inspection techniques. Remote field eddy current (RFEC) testing is an inspection technique for tubes currently in use for the inspection from well casings to small diameter heat exchange tubes. An advantage of this technique over conventional eddy current testing is its ability to detect both external and internal defects in ferromagnetic materials with approximately equal sensitivity. Because of RFEC's proven sensitivity to external defects and the fact that eddy currents are induced in the circumferential direction, there is currently great interest in the technique for the inspection of pipelines.
The typical geometry associated with RFEC testing is shown in Figure 1 . The method is useful for both ferromagnetic and nonferromagnetic pipes or tubes. An internal solenoidal exciter coil is driven by a low frequency a.c. signal. Two distinct coupling paths exist between this exciter and a remotely spaced detector system. The direct path, inside the tube, is attenuated rapidly by circumferential eddy currents induced in the tube's wall. The indirect coupling path originates in the exciter fields which diffuse radially outward through the wall. At the outer wall, the field spreads rapidly along the tube with little attenuation. These fields rediffuse back through the pipe wall and are the dominant field inside the tube at remote field spacing. Any disturbance in this indirect path causes a change in the magnitude and phase of the received signal. The through wall nature of the RFEC technique allows external and internal defects to be detected with approximately equal sensitivity.
While remote field responds best to metal loss and wall thinning, early work has indicated that RFEC has sensitivity to both axial and circumferential slits. In ferromagnetic materials, RFEC testing shows circumferential slits tend to respond better than axial slits while RFEC testing in nonmagnetic materials indicate that axial slits show the largest responses. Since circumferential eddy currents should interact strongest with axial slits, the strong axial magnetic field associated with RFEC testing was suspected as a reason for the large response of circumferential slits in ferromagnetic materials.
EXPERIMENTAL AND NUMERICAL WORK
Because of the low signal levels associated with remote field testing, a modified geometry has been used to examine defects more closely. By locating an exciter coil on the inside of a pipe and scanning the outer pipe wall surface (Figure 2 ), detailed maps of the magnetic field may be made.
The higher signal levels associated with this single through wall transmission geometry allows Hall sensors with excellent spatial resolution to be used. Additionally, this geometry allows more freedom in choosing an excitation field. The response of slits to magnetic fields in different directions may be examined. A long internal coaxial exciter has been used to produce a nearly uniform axial magnetic field and circumferential eddy current distribution. A uniform ac circumferential magnetic field has been generated using a special ferrite-cored exciter.
Remote Field Geometry
Indirect Coupling Path Figure 1 . In remote field testing, an internal exciter and detector system are axially displaced by approximately 2-3 pipe diameters. The signal received by the detector contains information about the pipe wall above the exciter and the detector. 
AXIAL MAGNETIC FIELD Around 0.3 nUll wide, 50% fuJI waU deep, Axial and Circumferetial slits in Steel Using a RFEC Pruboo Figure 3 . Experimental data from a full RFEC set up in ferromagnetic steel, shows that a circumferential slit produces a larger response in both amplitude and phase than does an axial slit of similar dimensions.
Defect response has been investigated in both ferrous and non ferrous pipes. Axial and circumferential slit defects have been mechanically cut into 0.25 mm thick, 200 mm OD pipes. These slits vary in depth and width. Figure 3 shows the measured axial field component using a remote field tool in a steel pipe. While good response is seen for most defects, the circumferential slits show a larger response than their corresponding axial slits. The large response of the circumferential slit suggests that the defects may be responding to the predominately axial magnetic field and not only the circumferential eddy currents.
Using the once through geometry scans of the amplitude and phase of all three field components have been taken above the defects. In addition, background scans have been taking in defect-free pipe. By performing a phasor subtraction of the background fields from the defect scans, anomalous field maps may be generated. These subtracted fields represent the fields generated by anomalous sources.
A non conducting region or a defect in a conductor will cause eddy currents to be perturbed. Conventional wisdom tells us that a slit defect perpendicular to the flow of eddy currents will cause the largest perturbation. Depending on the actual dimensions of the defect, we can expect some of the eddy currents to dive beneath the slit, and some to be diverted around the ends of the slit. By subtracting the no defect case from the defect case we may isolate an anomalous response from the slit defect (Figure 4 ). In fact we will have two anomalous source currents: a solenoidal compensating current aligned with the slit and compensating current whorls at the end of the slits. Slit defects which are aligned parallel to the flow of eddy currents should not perturb the background field appreciably. Calculation of the magnetic field from a solenoidal current distribution in air of the same size as the experimentally examined slit defect shows excellent correlation ( Figure 5 ).
EXPERIMENTAL measurements above a slit in ferromagnetic steel Figure 5 . For slits perpendicular to the flow of eddy currents, defect interactions may be described in terms of anomalous eddy current distributions: a) eddy currents which dive beneath the cross section of a slit defect may be modelled by an anomalous solenoidal current source. b) eddy currents which go around the end of the slit defect may be modelled by anomalous current whorls. In ferromagnetic materials, the interaction of the magnetic field must also be considered.
In non ferromagnetic materials there can be only eddy current interactions. The fact that the axial slits in steel and aluminum respond in similar ways indicate that this eddy current interaction will dominate when the eddy currents are perpendicular to the direction of the slit defect. The large response of the circumferential slits to the axial magnetic field in RFEC testing, and the response of the axial slits to the ac circumferential field generated by the ferrite cored exciter, indicate that there is an additional magnetic interaction which must be considered when describing the response of defects in ferromagnetic materials. In steel we have seen a large response to slit defects which are aligned parallel to the induced currents and therefore perpendicular to the applied magnetic fields. Figure 6 shows the response of 10% full wall thickness, 0.3 mm wide axial slits in steel and aluminum excited to an ac circumferential field. While a large response is seen for the steel, the slit in aluminum does not show any response. The magnetic interaction in the steel may be thought of as arising due to the large change in permeability between the ferromagnetic pipe wall and the air in the defect region. Because the aluminum and air share the same magnetic properties, no response is seen.
A large change in permeability across a defect in ferromagnetic material, in conjunction with the continuity of the normal component of the magnetic flux density (B), means there will be a large increase in the magnetic H field inside the defect.
We may again consider subtracting the no defect background field distributions from the overall defect response in order to isolate an anomalous defect induced response. The anomalous H field in the defect is in the same direction as the background H field. There will also be a negative or missing magnetization within the defect in the opposite direction to the H field. Outside the defect, the H field will be in the opposite direction. This can be explained by considering Ampere's law: The line integral of H around any closed path will equal the enclosed current. A path may be chosen through the defect and air regions and, since there is no enclosed current, the H field must be in opposite directions inside and outside the defect. Outside the defect, B will be in same direction as H, while inside the defect, Band M will be in the same direction. The field distribution is similar to what is seen for a simple bar magnet: Band M are in the same direction inside the bar magnet and H is in the opposite direction inside the magnet but in the same direction as B outside the magnet. Because we can not have a magnetization vector in the air region of a defect we often refer to the defect as a region of 'missing magnetization'.
The region of missing magnetization which behaves similarly to an 'ac bar magnet' may be modelled by an equivalent peripheral current. Results from a calculation for such a model match the experimental responses from a similar size defects. .................. ............. --..... _---.... " '-'-".-clAnomatous Figure 7 . In ferromagnetic material, a slit will interact strongly with a magnetic field which is perpendicular to it. The magnetic H field within the defect will be increased due to the change in permeability between the material and air. The anomalous response, obtained by subtracting the non background fields from the defect field distributions, resembles an ac bar magnet or piece of 'missing magnetization' in opposition to the initial field. As a further check of the validity of the model of a magnetic interaction, finite element calculations were performed for an axial slit and ac circumferential field excitation in steel. Figure 8 shows two cases: a) air in the slit leading to a large response and b) the slit filled with a nonconducting material of the same permeability as the steel leading to no response.
DISCUSSION
The anomalous source models are conceptually quite simple and they are useful in several ways. Firstly, these models may be used to predict the magnetic field patterns expected around untested defects and are valid not only for remote field testing but any electromagnetic testing in ferrous or non ferrous materials. Secondly and more importantly they are useful for the design of detector systems (and in some cases excitation systems). Optimization of detectors may be made for a particular testing geometry or for the detection of a particular type of defect. Finally, while the models currently only provide a qualitative understanding of defect responses, there is hope that they will lead to a more quantitative description as well.
There are also several problems with the models which need to be addressed. The models discussed above largely ignore the fact that the fields we are dealing with are ac in nature. In particular the anomalous magnetization model uses the de magnetic boundary conditions. The time dependence of the defect interactions adds additional complications to the models. There will be phase and amplitude variations throughout the depth of the defect which will depend on the operating frequency. This phase variation will affect both the anomalous eddy current and missing magnetization models. Another major problem is the effect of the pipe wall on the anomalous source fields. In the isolation of the anomalous sources we have assumed that the sources exist in free space. While this appears to be a good approximation for describing the anomalous sources for nonferromagnetic materials, FEM calculations seem to indicate that the ferromagnetic pipe appears to influence the anomalous source fields greatly.
Computer animations have been developed for both the experimental and finite element data in order to visualize the complicated time varying fields better. It is hoped that these animations will be useful for refining the anomalous sources models further.
CONCLUSION
Response of defects to electromagnetic fields of varying orientations have been examined by experimental and numerical techniques. In non ferromagnetic materials defect responses may be described in terms of two types of anomalous eddy current distributions. For non penetrating slits perpendicular to the flow of eddy currents, the anomalous distribution resembles a solenoidal source current. In ferromagnetic materials the full description of the defect response must also include a consideration of the magnetic interaction. The anomalous magnetic source arises due to change in permeability between the material under inspection and an air filled defect and is strongest when the applied magnetic field is perpendicular to the longest extent of a defect.
The anomalous eddy current and magnetic source models are useful for predicting defect response for a known probe geometry and for the design and probe optimization of new excitation and detection geometries in electromagnetic testing.
